Monobactams containing 3p-aminothiazolyl oxime side chains (SQ 81,377, SQ 81,402, azthreonam, and SQ 26,917) have poor affinities for the broad-spectrum Plactamases TEM-2 and Kl. Addition of a 4-methyl substituent significantly increased stability to hydrolysis by these enzymes. P99 cephalosporinase from Enterobacter cloacae was strongly inhibited by the monobactams. Interaction of azthreonam with the P99 enzyme in equimolar concentrations resulted in a single covalent complex which retained less than 3% catalytic activity. On incubation, enzymatic activity was slowly regained. Chromatographic studies of the incubation mixtures revealed the presence of a single ring-opened product. It is concluded that monobactams act as poor substrates for broad-spectrum ,-lactamases and tight-binding competitive substrates for the P99 P-lactamase.
biotics which were originally discovered as natural products from bacteria (11, 23, 24) . Azthreonam (SQ 26,776) is the first synthetic monobactam to be selected for clinical development (22) . An important feature of this molecule is its outstanding stability in the presence of a variety of ,-lactamases from gram-negative organisms.
,B-Lactamases are highly specific catalysts which bind only 1-lactams at the active site. Until a recent report described the poor binding of nocardicin A and desthiobenzylpenicillin to the Bacillus cereus P-lactamase (18) , only bicyclic t-lactams were known to bind to these enzymes. Although 3-methoxylated monobactams do not show measurable affinity for broadspectrum P-lactamases, nonmethoxylated monobactams bind readily to a variety of these enzymes (23, 25) . Hydrolysis of monobactams has also been observed, although catalytic efficiency is considerably less than that observed for cephalosporins such as cephaloridine and cefoperazone (22) .
In this paper, four monobactams containing aminothiazolyl oxime side chains ( Fig. 1 Preparation of fB-amases. TEM-2 3-lactamase from E. coli W3310 was purified as described by Sykes et al. (22) . The final preparation had a catalytic activity of 1,300/mol of cephaloridine hydrolyzed per mol of enzyme per s at 25°C. P99 3-lactamase from Enterobacter cloacae SC 10,435 was a homogeneous preparation purified as described by Ross and Boulton (20) , with a catalytic activity of 845/s with cephaloridine at 25C. The purified protein had a molecular weight of 39,000 as determined by sodium dodecyl sulfate-polyacrylamide electrophoresis (15) P-Lactamases were characterized by isoelectric focusing by using an LKB Multiphor (LKB Instruments, Inc., Rockville, Md.; pH, 3.5 to 9.5); enzyme activity was detected on the gels by using a chromogenic cephalosporin substrate (17) . Gels were also stained to detect protein, using Coomassie brilliant blue R250. pIs were determined by using an LKB Multiphor electrode, standardized from pH 4 to pH 10 (8.0 pLCi/mg) for 20 min at 20°C in a volume of 630 ,il. Two samples of 500 ,ul each were dialyzed against 400 ml of 0.05 M phosphate buffer, pH 7.0, for 17.5 h at 4°C (two buffer changes). Samples were assayed for enzymatic activity before and after dialysis by diluting 2 ,ul of the incubation mixture into 3.0 ml of chromogenic cephalosporin (0.33 mM) and comparing cephalosporin hydrolysis rates with appropriate controls. Dialyzed enzyme samples were washed into scintillation vials and counted, using a cocktail containing 0.5% PPO (2,5-diphenyloxazole) and 10%o naphthalene in dioxane.
Samples were counted by using an LKB model 1215 Rackbeta liquid scintillation counter.
Modification by methanesulfonyl fluoride. Stock methanesulfonyl fluoride (Aldrich Chemical Co., Milwaukee, Wis.) was prepared in dry 2-propanol. Reaction mixtures containing 20 to 25 nM enzyme and 0 to 30 mM methanesulfonyl fluoride were incubated at 25°C in 0.1 M phosphate buffer, pH 7.0 containing 5% 2-propanol. Samples were assayed for residual enzyme activity with 1.0 mM cephaloridine as substrate for P99 ,3-lactamase and 1.0 mM benzylpenicillin as substrate for TEM-2 3-lactamase. Second-order rate constants were determined by the method of Kitz and Wilson (13 [14C]azthreonam or unlabeled azthreonam at 1.0 mg/ml were incubated in the presence and absence of TEM-2, Kl, or P99 13-lactamase for 20 h at 20°C. Volumes of 2 to 10 ,ul were spotted on Merck silica gel 60F and developed, using n-butanol-ethyl acetate-acetic acid-water (1:1:1:1). A standard of SQ 26,992 was also included. Chromatograms were analyzed by using densitometry at 295 nm and fluorography (3) followed by visual inspection of the X-ray film for radiolabeled samples.
RESULTS
Hydrolysis studies were performed by following changes in the UV spectrum of each compound. Small changes in spectral characteristics were observed when azthreonam was hydro- lyzed; identical spectra were obtained in the region of 235 to 350 nm, regardless of whether hydrolysis was effected by sodium hydroxide (pH 11.7) or by Kl or TEM-2 P-lactamase ( Fig.   2A) . The difference spectrum for azthreonam which exhibits a wavelength maximum of 318 nm (Fig. 2B) is typical of that observed with all four monobactams in this study.
Kinetic parameters for enzymatic hydrolysis of the monobactams are presented in Table 1 P99 1-lactamase was fully inhibited by equimolar concentrations of azthreonam. However, enzymatic activity was slowly regained from mixtures of enzyme and inhibitor incubated at 25C (Fig. 3) . On addition of excess azthreonam (100-to 200-fold) to P99 ,B-lactamase, overnight dialysis of the inactive enzyme mixtures resulted in a recovery of enzyme activity similar to that observed in Fig. 3 . Enzymatic recovery rate (0.10/h) was the same, within experimental error, for inhibitor to enzyme ratios of 0.6 to 200. In all cases, full enzymatic activity was restored, even when P99 1-lactamase was incubated with a 200-fold excess of azthreonam for 174 h before dialysis.
Nonlinear progress curves were observed if an excess of azthreonam was present during the assay for 3-lactamase activity, using a chromogenic cephalosporin as the substrate (Fig. 4) . Enzyme was observed to regain activity slowly during assay. However, after dialysis, or in the presence of less than stoichiometric concentrations of inhibitor, linear kinetics were obtained. These results indicate a shift of overall equilibria in the presence of excess azthreonam, resulting in the availability of enzyme to hydrolyze substrate. However, this slow recovery of activity amounted to no more than 5% of control activity. The existence of a transiently stable enzymeazthreonam complex was demonstrated by isoelectric focusing (Fig. 5) The resulting enzyme, which had regained 5% of its activity, contained 0.72 mol of azthreonam per mol of enzyme, confirming the formation of a specific enzyme-azthreonam adduct.
Acyl intermediates have been identified for TEM-2 ,B-lactamase with clavulanic acid (5) and cefoxitin (8) and for B. cereus P-lactamase I with 6,B-bromopenicillanic acid (14, 16) . It seemed reasonable, therefore, to suspect that monobactams may also react with 3-lactamases via acyl enzymes. To demonstrate the presence of a reactive hydroxyl group at the active site, TEM-2 and P99 3-lactamase were treated with methanesulfonyl fluoride, an amino acid-modifying reagent which reacts with active center serine residues (10). TEM-2 P-lactamase, which can form acyl intermediates via serine-70 (9), was inactivated by methanesulfonyl fluoride with a second-order rate constant of 3.1 liters/ mol per min. P99 P-lactamase was inactivated with a second-order rate constant of 0.2 liters/ mol per min. Because both enzymes were modified by this reagent, they exhibited the ability to form irreversible complexes with an active site serine.
Deacylation half-times were determined for several P-lactams which effectively inhibited P99 (12) , the catalytic activity of TEM-2 1-lactamase with either benzylpenicillin or cefoxitin (8) is not affected by hydroxylamine. Substrate hydrolysis rates were also not affected by hydroxylamine in the case of PC1 penicillinase from S. aureus (2) . Thus, the active center of P99 1-lactamase closely resembles that of other ,B-lactamases in that the acyl group appears to be shielded from external nucleophiles.
Chromatographic procedures were performed to identify the product(s) formed from the action of TEM-2, Kl, and P99 1-lactamases with azthreonam. High-pressure liquid chromatography studies indicated the formation of a single product with a retention time equal to that of the base hydrolysis product (Fig. 6) . The same product was identified in all studies, regardless of the ,Blactamase used, and shown to possess identical spectral characteristics with those of SQ 26,992, 
DISCUSSION
Monobactams have previously been shown to exhibit poor affinity for broad-spectrum ,B-lactamases (23, 24) . Monobactams bearing aminothiazolyl oxime side chains exhibited Km values higher than most cephalosporins and penicillins for TEM-2 and Kl ,B-lactamases. However, the efficiency of hydrolysis was quite good for SQ 81,377 in the presence of Kl 1-lactamase. Addition of an acidic moiety on the oxime side chain with a methyl substituent in the 4-position stabilized the monobactams so that azthreonam and SQ 26,917 in particular exhibited impressive ,Blactamase stability. P99 P-lactamase was potently inhibited by the monobactams studied. Although covalent adducts with azthreonam were isolated, irreversible inactivation of the enzyme did not occur. After removal of excess inhibitor, full enzymatic activity could be recovered and hydrolyzed azthreonam identified in reaction mixtures. The following reaction sequence is the simplest scheme which would account for the observed inhibition by all the monobactams studied: E + M E M -E -A --E + P where M is Because of the observed nonlinearity of progress curves in the presence of excess inhibitor, it is possible that a second reversible complex is present before acylation occurs: E + M -E * M -(E M M)* --E -A -> E + P where (E*M)* represents a second reversible complex. A similar mechanism has been proposed by Anderson and Pratt (2) with respect to the early phases of substrate hydrolysis for the S. aureus PC13-lactamase.
In both these mechanisms, the monobactam behaves simply as a poor substrate for the enzyme. Therefore, we propose that these monobactams be classified as competitive substrates for the P99 ,B-lactamase.
